Generating a range of concepts is often a significant challenge for novice designers given their limited design experience and domain knowledge. This article develops a tool to support novice designers in formulating a design strategy for converting existing artifacts or mechanical objects into abstract representations. The app-based tool is aimed at supporting novice designers in (1) archiving existing artifacts, (2) converting artifacts into abstract representations for divergent activities, and (3) observing the kinematic movements of three-dimensional mechanical objects through augmented reality. An experiment conducted in 2014 investigated how the tool's augmented reality function and the proposed strategy supported novice designers. A total of 13 second-year industrial design students generated 88 separate ideas. From 12 possible mechanical movements, four participants generated between 11 and 22 ideas each, while another five participants generated 1 or 2 ideas each. Each participant successfully proposed a concept that adapted the selected mechanism in response to a given problem in a given environment. Comparing pre-and posttest scores of each participant, 11 of 13 participants improved their knowledge of kinematic mechanisms. The results suggested that the use of the proposed tool and strategy has potential to help some novice designers explore new concepts and acquire related design knowledge.
Introduction
Conceptual design is a process of exploring promising concepts (e.g. sketches) and involves concept generation, a divergent activity used to derive possible physical concepts, and concept evaluation, a convergent activity to evaluate these concepts. [1] [2] [3] Divergent activity is seen as an improvement over sticking to an existing concept. 4 However, this presents a fundamental challenge to novice designers as their domain knowledge is too limited to broadly explore possible alternatives. 5 This article develops a tool and a novel design strategy to support novice designers in exploring possible design concepts from observing existing artifacts or physical objects.
A divergent activity is typically considered to be a synthesis or transformation step, such as transforming abstract solutions (e.g. functional trees) into detailed representations (a one-to-many mapping process). Unlike forward thinking that is commonly suggested for use in early design stages, the proposed design strategy represents simultaneous backward and forward thinking. A backward step starts by looking at existing artifacts or physical objects, rather than starting with the development of an abstract representation. Currently, four levels of design representation have been developed, that is, physical, generic physical, spatial, and topological solutions. 4, 6 Based on our previous approach, solutions at such physical levels can be converted into multiple abstraction levels. The more abstract a solution level, the less functional-, behavioral-, and structural-related information is present. The implicit information provides an opportunity to search for possible design alternatives that share explicit (unremoved) information. The strategy and the developed tool were assessed through a trial with 13 novice designers. We investigate whether the tool allows novice designers to effectively explore new design concepts while enhancing learning outcomes. Improvement was assessed based on the number and quality of concepts developed from the concept generation process, along with pre-and posttests.
The remainder of this article is organized as follows: section ''Literature review'' reviews the related literature, section ''Supporting tool'' describes the proposed tool, section ''Evaluation'' describes the experiment and results, and section ''Results'' discusses results and presents conclusions.
Literature review
Related work in approaches of abstraction, transformation, and augmented reality (AR) in learning is described.
Methods of abstraction
From existing artifacts or physical objects to generic physical elements. Existing artifacts or physical objects are those seen in our everyday lives. Due to various forms such artifacts take, developing a database of all existing designs is infeasible. Generic physical elements were proposed to approximate such designs. 7 The relation between a physical element and its associated generic physical element is shown in Figure 1 . Each physical object consists of a generic physical element plus its specific descriptors. For example, in the case of a spur gear, the generic physical element is described with a plate as the form, a tooth as the motion interface, and a revolute pair as the support interface. The respective descriptors are a circle, a spur tooth, and a bearing. If we change the form descriptor to a rectangle while the remaining parts are kept unchanged, a rectangular spur gear is considered to be the physical object. The procedure for classifying standard objects into generic physical elements is to remove the specific descriptors of form, support interface, and motion interface from each standard object.
From generic physical elements to spatial elements. An introduction to generic physical representations would allow designers to establish a relationship between existing designs or physical objects with their abstract representations. Applications of generic representations have been studied for conceptual designs in mechanical movements. 7 Generic physical objects can be converted into spatial elements by investigating their generic physical elements to identify their inputs and outputs. These inputs and outputs are combined with the adjoining objects. By applying a translational motion or rotational motion to the input point, one can derive possible kinematic behaviors of the output point. Considering the kinematic motion of the generic object at a particular point in time, the input and output can be represented in terms of force or torque. A spatial element is, therefore, obtained (see Figure 2 ). To convert the structural representation of objects into a length vector, a straight line is drawn between the input point and the output point. Having identified the length vector, a simplified vector can be assigned parallel to the i, j, or k direction.
A spatial element has hidden information regarding the structure of its generic physical object. Therefore, an introduction to generic physical elements gives additional information for each abstract spatial element regarding its potential physical forms and interfaces and offers an opportunity to divergently explore generic physical objects. To start the exploration, applying translational or rotational input motions to a structure would result in the creation of various or similar behaviors. By applying the behavior of an abstract structure, from the structure's behavior one can determine its possible functions, such as punching, pulling, leveling, cutting, and so on. Divergent thinking on each abstract spatial configuration with all its possible generic physical embodiments can be explored to generate alternative generic physical embodiments for a spatial configuration.
Approaches to transformation
Conceptual design is an early design process stage. At the conceptual stage, divergent activities are used to explore a broad range of concepts, so that better or optimal concepts will not be overlooked. Generally, different viewpoints have led to synthesis activities being classified into various theoretical classes.
One dominant approach is the systematic approach, such as those proposed by Pahl and Beitz 1 and Hubka. 8 This methodology helps designers identify functions in a functional structure and identify a number of working principles for each function. Transforming the functional solution to the next detailed level is a divergent design activity which raises alternative possibilities. Apart from functional view point of the solution, indirect synthesis can also start with abstract building blocks that represent intended motions or behaviors, and a set of potential concepts can be generated through a transformation process that combines a set of abstract building blocks and thus maps to a physical representation (such as a sketch). A building block thinking approach with rule development (e.g. composition or decomposition) allows for the development of computational tools which can raise efficiency for generating possible solutions in ways that would be infeasible through manual approaches. The collection of key concepts of building block is summarized below.
Physical building block. Examples include Kota and Chiou 9 and Li et al., 10 who developed two levels of building blocks-motion and physical. Physical building blocks describe a set of physical artifacts that embody the motion of building blocks. The link between problem requirements and their physical building blocks is explicitly described in terms of motion. Han and Lee 11 developed a similar concept as a computational framework. Physical building blocks can be developed in a more elaborate manner. For example, Roth 12, 13 developed a multiple-level solution representation to provide guidance to derive detailed designs from physical embodiments. Roth's work differs from a computational approach in that it emphasizes the designers' intuition over automatic concept generation. Building block approaches have also been developed to focus on components rather than mechanisms. Our previous work proposed a set of generic physical building blocks. Alternative mechanism concepts are synthesized through the combination of generic physical elements where rules of compatibility are defined in terms of contacting position, type of contact, and degree of freedom. Each generic physical element is defined from a generic point of view, and detailed descriptions in form, support, and interface are not considered.
Physical objects. Rather than generating them from the scratch, complete mechanisms can be retrieved by combining building blocks. Mechanisms and their kinematic behavior are first analyzed and stored in a library. The emphasis is to develop a complete set of existing designs. To retrieve alternative mechanisms, designers specify the required behavior in a time history of inputs and outputs and/or motion types. Computerized methods for retrieving mechanism concepts have been well developed by Murakami and Nakajima 14 and Gu et al. 15 Multiple levels of design solutions. Previous studies [16] [17] [18] have contributed to the development of a computational approach that automates the generation of a range of physical concepts and allows designers to explore design space toward physical representations and backward to their abstract solutions. The functionbased approach 4, 16 was started by the introduction of kind elements. Each kind element incorporates a certain class of physical laws and effects and has a unique building block feature with input or output (I/O). By following the defined rules of combination, the elements can be synthesized. This approach allows for the generation of a wide range of functional solutions which involve the transmission and conversion of mechanical forces and motions. 4, 16 For a given design problem, this approach can produce an exhaustive set of concepts in terms of their topological solutions. These are then offered to designers for exploration. Furthermore, spatial elements have been established with summarized information about the possible structure of the physical object, in terms of the directional and spatial aspects of existing embodiments at a specific time point. This allows designers to explore possibilities of spatial variants of a topological solution. 4, 16 Our previous study tested an abstract representation by means of hands-on experiments involving experienced designers. 16 It was found that the number and variety of solutions generated using this approach always exceeded the number and variety generated by designers. Furthermore, these abstract representations have been developed for a better elaboration. 7 A function-behavior-structure (F-B-S) model was proposed to link both the possible forms and interfaces representing the spatial element. 7 AR AR is a means of establishing interaction between real and virtual images and objects in a three-dimensional (3D), real-time environment. 18, 19 Inserting virtual objects into authentic contexts creates a feeling of immersion which provides students with additional learning opportunities in an integrated learning environment. Chen and Chao 20 integrated concepts for reading instruction with marker-based AR to promote learner knowledge acquisition by printing images or icons in books; the user can activate these images to access supplementary information. Ozcelik and Acarturk 21 suggested that marker-based AR can be used as a supplement to textbooks to promote learning, and users were found to agree that marker-based AR is an effective way of providing access to supplementary reading materials. Previous studies have mainly focused on providing comparisons between textbooks and ARbased formats at the comprehension level. 22 However, few studies have attempted to use AR-based tool to support design activities. Given the range of views and findings regarding the introduction of digital technologies into design activities, there is still considerable space for discussion in this regard. Previous research on the user of AR in conceptual design has focused on the development of virtual prototypes for digital handheld products to enhance understanding of intended functions 23 and facilitate evaluation of visual appearance and user interaction. 24 AR has been used to develop virtual prototypes in combination with design models, such as in F-B-S modeling frameworks, to support design exploration. 25 The AR function of the proposed tool demonstrates mechanical movements through the kinematic movement of 3D objects. This allows the user to realize how the movement of a set of arranged 3D objects would be used to represent a perceived function. In summary, in design, AR has been used for the realization of 3D virtual models in real environments for the purposes of evaluation, representation, and exploration.
The supporting tool

System architecture
An app-based tool is developed to support novice designers. The current app prototype system is implemented in LiveCode programming language. 26 The system is exported as a standalone Android-based app for experimental purposes. The tool is developed to perform three functions: (1) to archive existing artifacts, (2) to convert the artifacts into abstract representations and to map these abstract concepts into their generic physical elements in terms of AR markers, and (3) to observe animated 3D mechanical movements through the AR function (see Figure 3 (a)). The use case of this tool is to allow users for taking photographs of existing artifacts. The photographs are archived in the tool and can be selected to decide its possible spatial concepts. A spatial concept of the artifacts is an abstract representation and provides an opportunity for users to conduct divergent thinking activities. Also, this spatial abstract concept would be linked to our previously developed system to form an automatic computational system, FuncSION, 6 to exhaustively explore design alternatives.
As for the development of AR function (see Figure 3 (b)), to represent the kinematic movements of 3D objects through any marker, geometrical objects are first built in the SpaceClaim computer-aided design (CAD) software. 27 The developed 3D objects are then imported into a 3D computer graphics program, called 3ds Max, 28 to further develop videos of the animated 3D mechanisms. AR-based 3D function is developed in the Unity game development platform. 29 The user can observe the component movement results from a given input motion in terms of the embodiment of each 3D object and the spatial configuration of each component, thus providing the user with useful functional, behavioral, and structural information. The programming tasks of this tool include allowing recognition of AR markers through an embedded camera, to link markers to their corresponding animation videos, and to develop rules to allow users to combine two or more markers in sequence so as to represent a set of interconnecting mechanisms. Currently, the AR-based 3D function is developed in Unity which is a standalone app. The integration of the app in LiveCode and the AR app is under development.
System functions
This first function (shown in Figure 4 ) is designed to archive existing artifacts or physical mechanisms observed in the user's everyday activity. This allows the user to retrieve examples from a specific directory whenever necessary. Before photo taking, the existing object is allocated in front of the pad. The user then activates the app prototype to use the function ''Take A Photo.'' A message is then sent to activate the device's embedded camera. Ideally, the user can take photographs of existing artifacts or other physical mechanisms such as those developed for educational purposes. When the user clicks the ''Take a Photo'' button, the user must first position the design artifact within the photo frame. The resulting image is then archived for future use.
Having photographed the observed object, the user then maps the object into some abstract solution. The photograph is proportionally resized using the scroll bar as shown in Figure 4 . The user is asked to determine the input and output points. The simplified relative position between the output and input is described as one of the six offsets: i + , j + , k + , i2, j2, or k2. The example in Figure 5 uses the i2 and j2 offsets, which means that the output position is to the lower left of the input position. Having described the position, the user needs to specify the intended direction of the instantaneous inputs and outputs. Six directions are considered here: i + , j + , k + , i2, j2, and k2. In the example, the directions of the input and output are i2 and j + , respectively. Having completed the first abstract element in terms of a bond-like structure, the second abstract element follows as shown in Figure 6 . One of the spatial elements in the pre-determined library is mapped to represent the first part of the object. The remaining parts can also be mapped into their spatial elements. In this example, the two spatial elements are mapped to represent the observed structure.
Having mapped the abstract solution, the generic physical embodiments are retrieved and represented in terms of markers designed to approximate a simple schematic diagram with the form of a specific component, a joint of any two components, and its constraint. The rules for transforming any abstract solution in terms of functional elements into its physical embodiment have been developed in previous work. 7 The relation of each abstract solution with its physical embodiments considering the number of potential embodiments is one to many. In this article, we modify the resulting physical diagrams into systemrecognizable markers as shown in Figure 7 . Taking the button diagram as an example (see Figure 7 (b)), the white diagram represents the first element on top of the dark diagram (the second element). The input and output motions are represented by black arrows. Having selected the marker, the user can observe the 3D kinematic movement of the linking mechanisms through the AR-based function. The use of AR-based 3D mechanisms offers several advantages. First, it is costeffective compared to manufacturing physical objects for demonstration purposes. Second, the markers are much lighter and more portable than physical objects. Any modification of markers or the represented mechanisms can be accomplished through changing software parameters, rather than making new or modifying existing physical objects. The markers and the 3D objects are shown in Figures 8 and 9 .
Evaluation
Study design for evaluation
A total of 13 industrial design sophomores (10 females and 3 males) participated in the evaluation of the ARbased subtool. We sought to determine whether the tool Figure 10 . Having completed the pretest (Figure 10(a) ), one warmup activity was conducted prior to evaluation. This was to provide participants with the opportunity to experience and be familiar with the conversion process of abstraction of an existing artifact and use their intuition to transform a specific generic physical mechanism into its possible alternatives with varying forms. Students were asked to generate alternative designs for a winged corkscrew with a lever rack-and-pinion mechanism. All participants completed the exercise, developing corkscrew variants. The summarized process is shown in Figure 10 . An instructor demonstrated how a winged corkscrew works, emphasizing the sequence of processes in which depressing the lever lifts the cork. The generic physical embodiments were presented. The abstraction part was explained with a straight bar used to represent the lever. An example of a bee-like corkscrew design was given to the students to demonstrate a potential form variant but encouraged students to imagine a wide range of possible shapes. For example, the conceptual straight line could be used to represent many shapes of different lengths. Participants were instructed to sketch as many variants as possible in 60 min. Examples of the form variants are shown in Figure 11 (b). Only a single mechanical movement was demonstrated with the real corkscrew; thus, participants did not need the support of the AR-based function. The activity followed the process shown in Liu et al. 30 which discusses the number and the divergence in styles in detail.
The evaluation provided in this article is a preliminary assessment of how the use of the proposed AR tool helps novice designers in formulating effective design strategies. Unlike the warm-up activity, in which learners examine one type of corkscrew and are asked to generate alternative designs for the same physical object, the activity presented in this article seeks to determine whether physical objects, rather than designed products, can support novice designers in generating design concepts to resolve perceived problems. The tool's AR function helps depict a range of common physical objects (i.e. the 12 mechanisms). In addition, we also want to determine whether the design activity can help improve the learner's domain knowledge. The post-warm-up activity includes a pretest to measure the learner's knowledge of the physical objects involved, in which learners use the tool's AR function to observe the various types of kinematic movement, conduct divergent activity, and select one or more concepts to incorporate into their design concepts.
Having completed the pretest, participants were tasked to learn the use of the tool's AR-based 3D function. Due to limited resources, students were divided into four groups, with each group using a 7-in Asus Google Nexus tablet personal computer (PC) and 16 markers representing 12 commonly seen mechanisms. Four mechanisms are reversible; therefore, the input of each mechanism can be treated as the output and vice versa. As shown in Figure 12 , each team participant was given the opportunity to use the marker to retrieve the 3D kinematic movements. Furthermore, appropriate connection of any two or more markers would result in a sequenced set of mechanical movements.
Each participant was given a table with a marker and its spatial configuration. Therefore, they were able to grasp the relationship of a mechanism concept (from the marker), the observation of the related 3D objects (from the pad), and the key working principle of the concepts (from the bond-like representation). Based on this understanding, they were asked to come up with multiple design ideas to be articulated verbally, rather than through sketches. The activity sought to link an intended function of a conceived product (e.g. paper punch) through the kinematic movement of a certain mechanism. Each participant was asked to develop design concepts based on these ideas with descriptions of a putative problem, provide sketches of a design solution, and describe the potential use and user of the product. Participants were given 3 days to complete the assignment.
Results
Results in divergent activities
This study assessed the results of divergent activities based on the number of ideas generated and the mechanisms selected for brainstorming. As shown in Table 1 , the number of ideas generated ranged widely from 1 to 22. In the initial 2-h design exercise, no participants had previous experience of using an AR-based subtool, but all were able to use the tool to generate ideas addressing intended product functions through a spatial representation. Some participants were able to develop up to five mechanisms, with rack and pinion, level, and cam being the three mechanisms most commonly used in ideation, while the Geneva stop and Scotch York were the least commonly used. As shown in Table 2 , the total number of initial concepts was reduced, each with a problem topic to be resolved, a target user group, and its schematic representations (i.e. sketches). Participants have shown to be able to propose a concept that adapted the working principle of the selected mechanism in response to a given problem in a given environment.
Results in learning achievement
This study assessed learning achievement through a test with 20 questions, designed to test the participants' knowledge and understanding in four aspects: the directional snapshot of a given mechanical object, the appropriate moving consequence of the components with a given input motion, the kinematic motion of the mechanism, and the appropriate geometrical support for a physical component. All questions were presented Table 1 . Number of mechanisms selected for divergent thinking and the resulting variants generated by the participants (N = 13). Types of mechanisms  considered   P_1  2  2  P_2  2  2  P_3  1  1  P_4  1  1  P_5  22  12  P_6  20  12  P_7  4  4  P_8  16  4  P_9  3  3  P_10  1  1  P_11  2  1  P_12  3  3  P_13  11  9 P: participant. Table 2 . Mechanism and design concepts derived from the participants (N = 13).
Total number
Mechanism Concept Description P_1
A standing pen or pencil holder designed to facilitate choosing a single pencil or pen through the use of a crank handle that drives a camfollower platform to raise or lower individual pencils or pens.
P_2
A paper clip container which uses a mechanism in the shape of a bowing man to fetch individual paper clips through the operation of a forward or backward rotating wheel driving the motion of a grooved rod.
P_3
A glue stick container that can be opened, closed, and operated using a single hand. The function is achieved through rotating the container cover that drives the glue stick up and down.
P_4
A motorized ruler designed to draw and cut a circle through the use of a rotating worm gear.
P_5
A standing piano-like pencil case designed to create a music wave-like form with the pencils through the use of a rotating handle that transmits multiple cam followers up and down.
P_6
A multisection container designed for storing small amounts of powder or crystal solids (e.g. sugar). The six containers are rotated through different positions through the use of a rotating drive wheel.
P_7
A compass with a retractable pin to prevent injuries through the use of a rotating knob.
P_8
A glue gun designed to allow easy control of the speed of glue stick extension through the use of a rotating handle.
(continued) in a multiple choice format with four possible answers. Prior to use, all questions were reviewed by two subject matter experts. The pre-and posttest questions were all different, and a full score on either test was 20 points. Table 3 shows that the pre-and posttest mean correction rates are 68.5 and 78.1, respectively. Furthermore, 11 of 13 participants improved their correction rates between the pre-and posttests. Three participants with low pretest scores (under 12 points) improved significantly in the posttest (up to 17 points).
Discussion
This article investigates how novice designers would benefit from the proposed approach, given the constraints imposed by their limited domain knowledge and lack of relevant design experience. The challenge is to enhance both their understanding of design principles and design capabilities. The approach is meant to 
P_10
A tape dispenser designed to prevent unwanted tape spooling through introducing friction between the cam and the cam follower.
P_11
A hinged ruler designed to form specific angles through rotating a knob (the input rotational cam drives a translational movement).
P_12
A tape dispenser using a rotating crank to automatically dispense individual lengths of tape.
P_13
A device designed to allow for controlled, convenient use of mid-sized glue tubes through the use of a rack-and-pinion system made of a rotating wheel and the glue tube. P: participant. support novice designers to explore the solution space in a meaningful way. Furthermore, we developed a user-centric support tool to help users archive physical objects from their daily activities in the solution space, rather than using predetermined physical solutions. This feature negates the need to build an exhaustive library of existing designs. The design strategy for the novice designers first looks at existing designs, thus backwardly linking to the corresponding solution abstraction (creating a bond-like structure) so as to allow users to explore shape and interface alternatives in a forward manner. The tool allows novice designers to gradually clarify and comprehend the functional, behavioral, and generic structural information of the existing designs. Furthermore, an abstract solution representation allows them to see things through different perspectives. This abstract representation provides an opportunity to conduct divergent activities when exploring various shapes, interfaces, and spatial possibilities at a detailed solution level. For instance, a typical corkscrew was used in the warm-up activity, with novice designers brainstorming possible corkscrew-design variants when investigating the movement (i.e. behavioral information) of this bond-like abstraction. Apart from existing designs, a class of mechanical movements represented as generic physical objects could also be used by novice designers to conduct divergent activities. The experiment involved 12 mechanical movements. Using the tool's AR-based 3D feature provided better insight into the mechanisms, and the students were able to associate the existing designs with generic designs based on common working principles (e.g. a level rack and pinion). Again, these existing designs are first abstracted to allow participants to brainstorm possible physical and spatial possibilities. The differences in the corkscrewdesign activities and the exercise in the experiment are considered in two aspects. First, the corkscrew designs involved the investigation of the physical variants of an existing corkscrew, which involves design activities in the configuration of a known design problem. Participants were familiar with using physical principles to represent ideas for further investigation of spatially and physically appropriate representations. The activities reflect the nature of conceptual design in which the design problem and solutions co-evolve, and the developed solutions gradually become more detailed.
All participants were able to generate ideas from the initial divergent activities. Individual students generated between 1 and 22 different concepts within the 2-h period. They were asked to start brainstorming from looking at the spatial representation, AR markers, and 3D physical objects. Based on an enhanced level of understanding for all 12 mechanisms, they tried to generate potential solutions for problems with which they were familiar or had personally experienced. This is considered to be the first problem-solution evolution for the designers. The process of ideation started with the observation of existing designs using the AR support tool. The simplified behavior and structure of existing designs were presented in terms of the spatial bond-like representation. From viewing the spatial solution, the transformation between a set of inputoutput characteristics (e.g. energy kind, direction, magnitude, and position) was taken to represent certain intended behaviors (viewed as functions) such as cutting, punching, and so on. Having identified the intended behaviors of a solution in representing different products, participants were asked to conduct a second round of problem-solution evolution. All ideas were clarified and pruned to better match the conceived problem. They were also asked to present sketches for designs to solve some everyday problems faced by a given type of target user. Participants derived at least two advantages from this exercise. First, they were able to quickly expand their relevant knowledge from the support tool. Second, new or innovative designs could be derived from existing artifacts or mechanical movements through the guided process.
The present research is restricted in several ways. First, given that no comparison group was conducted, the results of the test group do not directly demonstrate the effectiveness of the AR function support. However, divergent thinking is challenging for novice designers. The broad range of results for the divergent thinking activity, with some students generating up to 22 concepts while others generating fewer than 4 concepts, warrants additional comparative research to assess the effectiveness of the learning strategy using the tool. Second, the sample group consisted of a small group of participants, and future work should extend the use of the proposed tool to extended design cases. System improvements are needed to streamline the tool's functions, including the extension of mechanical movements in the system library, and the integration of each function under a single technical architecture. Also, usability testing should be conducted for the proposed tool for different groups of target users. Future work will include a case study to determine the effectiveness of the design strategy using the AR tool.
Conclusion
This article investigates a key challenge in conceptual design-how to help novice designers generate potential concepts given their limited domain knowledge and lack of experience in using appropriate divergent thinking methods. We develop an app-based support tool to be used in conjunction with our previously developed method. Based on the number of concepts generated, along with pre-and posttests correction rates, experimental results shows some improvements in learning outcomes and concept generation. However, many other issues require further investigation. Follow-up comparative studies are required to provide an adequate evaluation of the tool's effectiveness. The findings present three potential contributions to the literature. The computational application based on our previous design method is developed with the use of mobile computing and AR technology. Partial system features have been developed to a detailed level so as to enhance learning outcomes in university-level design courses. Finally, the results may provide insights for innovation in learning.
